Cefiderocol, a new injectable siderophore cephalosporin antibiotic, has promising in vitro and in vivo activity against Gram-negative bacteria including multidrug-resistant Pseudomonas aeruginosa, Acinetobacter baumannii, and Klebsiella pneumoniae. Cefiderocol is mainly renally eliminated. The pharmacokinetics and safety of cefiderocol in subjects with renal impairment were assessed following a single 1000-mg intravenous 1-hour infusion of cefiderocol. Subjects with mild, moderate, or severe renal impairment and end-stage renal disease (ESRD) requiring hemodialysis were compared with demographically (age, body mass index, and sex) matched healthy subjects with normal renal function. The effect of hemodialysis on the clearance of cefiderocol was also assessed. Total drug clearance from plasma (CL) and terminal half-life (t 1/2 ) correlated with renal function. Ratios (90% confidence intervals) of area under the plasma concentration-time curve from 0 to infinity (AUC) in mild, moderate, severe, and ESRD groups compared to those with normal renal function were 1.0 (0.8-1.3), 1.5 (1.2-1.9), 2.5 (2.0-3.3), and 4.1 (3.3-5.2), respectively. Maximum plasma concentration (C max ) was similar between renal-impairment groups and the normal-renal-function group. Approximately 60% of cefiderocol was removed by hemodialysis for 3 to 4 hours. The plasma-protein-unbound fraction was similar between various renal function groups. The incidence of adverse events did not appear to have any correlation with the degree of renal impairment. Single 1000-mg intravenous doses of cefiderocol were generally well tolerated in subjects with impaired renal function except for 1 subject who discontinued due to urticaria. In conclusion, renal impairment impacted AUC, CL, and t 1/2 without affecting C max . Cefiderocol was significantly removed by intermittent hemodialysis.
Although siderophore antibiotics have been investigated for decades, none of them is available for clinical use in the treatment of bacterial infections.
1 Cefiderocol (also known as S-649266, Figure 1 ), a novel siderophore cephalosporin antibiotic having a catechol-substituent, has a potent in vitro activity and in vivo efficacy against various multidrug-resistant Gram-negative bacteria including carbapenem-resistant Enterobacteriaceae, P aeruginosa, and Acinetobacter baumannii. [2] [3] [4] [5] The safety, tolerability, and pharmacokinetics (PK) of cefiderocol have been evaluated in a singleand multiple-dose phase 1 study. 6 Cefiderocol PK is linear over the range of 100 to 2000 mg. The terminal elimination half-life of cefiderocol was 1.98 to 2.74 hours in these healthy volunteers. Cefiderocol is mainly renally excreted with 60% to 70% of the administered dose found in urine as unchanged parent drug. No accumulation was observed at the 2 g every 8 hours dose regimen, and this dose was well tolerated when administered over 10 days.
Because human PK data indicated that most of cefiderocol was excreted unchanged in the urine, subjects with impaired renal function receiving cefiderocol would likely require a reduction in dose or an increase in dosing interval to avoid drug accumulation. The purpose of this study was to evaluate the PK of the siderophore cephalosporin cefiderocol in clinically stable subjects with mild, moderate, and severe renal impairment and in subjects undergoing hemodialysis (HD). The effect of HD on the elimination of cefiderocol from blood was also investigated along with the safety and tolerability of single doses of cefiderocol in these renally impaired subjects. 
Methods

Ethical Considerations
This study was conducted at DaVita Clinical Research in Minneapolis, Minnesota and Lakewood, Colorado following approval by the Independent Ethics Committee (Western Institutional Review Board, Puyallup, Washington). This study was carried out in accordance with the provision of the Declaration of Helsinki and all revisions thereof, in accordance with ICH GCP requirements. Signed informed consent forms were obtained from all subjects.
Study Subjects
Renally impaired subjects with various degrees of renal function were enrolled along with a matched healthy control group in this open-label phase 1 study, which was designed in accordance with the FDA guideline on PK in patients with impaired renal function. 7 A total of 38 males or females, 20 to 80 years of age, with body mass index between 18.5 and 38.0 kg/m 2 were enrolled. Renal function classification was a simplified version of the FDA's draft Guidance, 7 and renal impairment subjects were assigned according to their estimated glomerular filtration rate (eGFR), calculated using the modification of diet in renal disease (MDRD) formula 8 at screening (day -28 to day -2 relative to day 1): mild impairment (eGFR 60 to <90 mL/[min·1.73 m 2 ], n = 8), moderate impairment (eGFR 30 to < 60 mL/ [min·1.73 m 2 ], n = 8), severe impairment (eGFR < 30 mL/[min·1.73 m 2 ], n = 6), and end-stage renal disease (ESRD) on HD (n = 8). Renal function was to be stable, defined as ˂30% difference in eGFR assessed at screening and on admission on day -1. ESRD subjects on HD should receive stable HD at least 3 times a week for at least 6 months and have a clinically stable condition with respect to the underlying renal impairment. Normal renal function was identified using the Cockcroft-Gault equation calculation 9 with creatinine clearance (CLcr) ࣙ 90 mL/min without adjusting for body surface area. Each of the 8 subjects with normal renal function (control subjects) was matched to the demographic characteristics of 1 of the 8 subjects with moderate renal impairment with respect to age (± 10 years), body mass index (± 20%), and sex. Main exclusion criteria included subjects with fluctuating or rapidly deteriorating renal function, with a history of hypersensitivity to cephalosporins or penicillins, or who required continuous treatment with methotrexate, procainamide, probenecid, or valproic acid.
Study Design
This was a nonrandomized open-label cohort study in subjects with varying but stable renal function.
The subjects received a single intravenous administration of 1000 mg of cefiderocol over 1 hour. For subjects with hemodialysis-dependent ESRD, cefiderocol was administered twice: the first dose approximately 1 hour after completion of the subject's HD session (period 1, without HD), and the second dose (after a 72-hour washout period) approximately 2 hours prior to the subject's normally scheduled HD session (period 2, with HD). Subjects underwent 3-to 4-hour HD. The dialyzer used was OptiFlux F180NR (Fresenius Medical Care, Bad Homburg vor der Höhe, Germany). The blood flow rate and the dialysate flow rate were 400 to 500 mL/min and 600 to 700 mL/min, respectively.
Blood and Urine Sample Collection
For quantification of cefiderocol concentrations in plasma, serial blood samples were drawn immediately before (-0.25 hours) and during infusion at 0.25, 0.5, and 1 hour (at the end of infusion) and at 1.5, 2, 3, 4, 5, 6, 8, 12, 16, 24, 36, 48 , and 72 hours from start of infusion.
Urine samples were collected in the following time intervals: predose, 0 to 8, 8 to 16, 16 to 24, 24 to 36, 36 to 48, and 48 to 72 hours for subjects that could produce urine.
Plasma protein binding was determined from a separate blood sample obtained at 1 (the end of infusion) and 8 hours from initiation of infusion for all cohorts except for the second period of administration for ESRD subjects.
Arterial and venous PK samples and aliquots from the dialysate were collected at 3, 4, 5, and 6 hours or at the end of HD. Dialysate samples were collected at 2 to 3 (at the start of HD), 3 to 4, 4 to 5, and 5 to 6 (at the end of HD) hours.
Bioanalytical Methods
The composite samples were prepared by treating each matrix (plasma, urine, and dialysate) with a buffer (0.2 mol/L ammonium acetate, pH 5) in 1:1 volume ratio and used for measurement of cefiderocol concentrations. Cefiderocol concentrations in plasma were determined by a validated high-performance liquid chromatography-tandem mass spectrometry (HPLC-MS/MS; QPS, LLC, Newark, Delaware) assay, with a lower limit of quantification of 0.1, 1, and 0.05 μg/mL for plasma, urine, and dialysate, respectively. The assay was linear from 0.1 to 100, 1 to 1000, and 0.05 to 50 μg/mL for plasma, urine, and dialysate, respectively. The precision of the assay was 1.2% to 6.2%, 1.7% to 9.3%, and 2.4% to 7.6% for plasma, urine, and dialysate, respectively. The accuracy of the assay was -5.3% to 2.1%, -8.3% to 5.8%, and -8.7% to 6.8% for plasma, urine, and dialysate, respectively.
To evaluate the fraction of cefiderocol unbound to plasma proteins, the plasma was preincubated at 37°C for 15 minutes. The plasma (1 mL) was dispensed into ultrafiltration devices (Centrifree YM-30) at 1 mL per device and centrifuged (1800g, 37ºC, 15 minutes), and the filtrate was collected (approximately 200 μL). An equal volume of 0.2 mol/L ammonium acetate buffer (pH 5) was added into an aliquot of filtrate. The mixture was used for measurement of cefiderocol concentrations.
Safety Assessment
All subjects who received any dose of study drug were included in the safety evaluation. The safety and tolerability of cefiderocol were assessed by monitoring adverse events (AEs), physical examinations (PEs), vital signs, 12-lead electrocardiographs (ECGs), continuous dual-lead ECG up to 6 (normal) or 12 hours (renally impaired) after initiation of infusion, and clinical laboratory evaluations (including hematology, blood chemistry tests, and urinalysis).
Pharmacokinetic Analysis
Mean and standard deviation (SD) for plasma concentrations were calculated by group and sampling time. Data below the lower limit of quantification (BLQ) were treated as 0 for the calculation of mean and SD for plasma concentrations. The following PK parameters were calculated from the plasma concentration data for cefiderocol using the noncompartmental methods in Phoenix WinNonlin R version 6.3 (Certara USA, Inc, Princeton, New Jersey): maximum plasma concentration (C max ), time to C max (t max ), area under the plasma concentration-time curve from 0 to the time of the last quantifiable concentration (AUC (0-t) ), area under the plasma concentration-time curve from time 0 to infinity (AUC), terminal half-life (t 1/2 ), total drug clearance from plasma (CL), and volume of distribution under steady-state conditions (V ss ). Fraction of total drug that is unbound in plasma (f u ) was also assessed. AUC (0-t) and AUC were calculated with the linear-up/log-down trapezoidal method for the extrapolation. Cumulative amount of drug excreted unchanged in urine (Ae), fraction of dose excreted unchanged into urine (fe), and renal clearance of drug (CL R ) were estimated for each subject with urinary excretion data. For subjects on hemodialysis, cumulative amount of drug recovered unchanged in dialysate (AR), hemodialysis clearance (CL hd ), and fraction of the total body pool of drug removed by hemodialysis (Fr) were determined. 10 Statistical Analysis An analyses of variance (ANOVA) was performed for ln-transformed values for PK parameters including terms for renal status as a fixed effect by using Proc Mixed with SAS version 9.1 (SAS Institute Inc, Cary, North Carolina).
Point estimates and 90% confidence intervals (CIs) were calculated for the ratios of parameters in subjects with mild, moderate, and severe renal impairment and ESRD (after-dialysis dosing) compared with healthy control subjects.
Results
Demographics
Demographic data are summarized in Table 1 . Twentyfive subjects were male (65.8%), the mean age was 54.6 years (range 27 to 74 years), and the total number of white and black or African-American subjects were the same (18 subjects each, 47.4%). Overall, demographic data were similar among the 5 cohorts.
All subjects received a 1000-mg dose of cefiderocol, infused over 1 hour. One subject from the moderate impairment cohort was prematurely withdrawn from the study due to an AE of urticaria; the subject received only 74.2 mL of the reconstituted study drug instead of total 100 mL. The PK data from this subject were excluded from summaries and statistical analyses. All of the other 37 subjects completed the study.
Pharmacokinetics
Mean plasma concentration profiles following a single intravenous infusion of 1000 mg over 1 hour are presented in Figure 2 . The plasma concentration profiles were altered significantly with increasing degrees of renal impairment. A summary of the PK parameters following single doses of cefiderocol is presented in Table 2 . The t 1/2 values in normal, mild, moderate, severe, and hemodialysis (dosing posthemodialysis, without HD) groups were 2.8, 3.0, 4.1, 6.9, and 9.6 hours, respectively. The comparisons of PK parameters between renal impairment groups and the normal group are presented in Table 3 . Ratios (90% CIs) of AUC in the mild, moderate, severe, and ESRD requiring hemodialysis (without HD) groups to that in the normal group were 1.0 (0.8-1.3), 1.5 (1.2-1.9), 2.5 (2.0-3.3), and 4.1 (3.3-5.2), respectively, indicating that cefiderocol exposure increased in subjects with moderate and severe renal impairment and ESRD compared with normal renal function. Geometric mean values of C max and V ss were similar among renal function groups. The f u at 1 and 8 hours was similar among renal function groups. Mean plasma concentration profiles without and with hemodialysis following single intravenous infusion of 1000 mg over 60 minutes are presented in Figure 3 . Cefiderocol was removed by HD immediately after the start of HD. Geometric mean and coefficient of variation for geometric mean (CV% geometric mean) of CL hd were 7.5 L/h (9.8%). Geometric mean (CV% geometric mean) of AR relative to cefiderocol dose was 56.1% (12.2%), and Fr was 62.3% (8.4%), suggesting that intermittent HD removed approximately 60% of the cefiderocol dose. The BLQ data were treated as 0 for the calculation of mean and SD for plasma concentrations. The data at 24 and 36 hours in the normal-renal-function group were removed from the figure because the mean values were lower than 0.1 μg/mL, the lower limit of quantification for plasma.
Safety and Tolerability
No deaths or serious AEs were reported during the study. One subject from the moderate impairment cohort had an AE of urticaria during administration, which led to discontinuation of the study medication and premature withdrawal from the study. This AE was considered related to the study drug. The subject was treated with diphenhydramine, and the event of Geometric mean (CV% geometric mean) is shown except for t max , where median and range (minimum, maximum) are shown. Abbreviations: ESRD, end-stage renal disease; w/o HD, without hemodialysis (dosing posthemodialysis); with HD, dosing prior to hemodialysis; C max , maximum plasma concentration; t max , time to C max ; AUC (0-t) , area under the plasma concentration-time curve from 0 to the time of the last quantifiable concentration; AUC, area under the plasma concentration-time curve from time 0 to infinity; t 1/2 , terminal half-life; CL, total drug clearance from plasma; V ss , volume of distribution under steady-state conditions; fe, fraction of dose excreted unchanged into urine; CL R , renal clearance of drug; f u , fraction of total drug that is unbound in plasma. a The parameter derived from urine concentrations of cefiderocol is not presented for the subject population (severe and ESRD) including subjects who did not have sufficient ability to produce urine. Abbreviations: ESRD, end-stage renal disease; w/o HD, dosing posthemodialysis; C max , maximum plasma concentration; AUC (0-t) , area under the plasma concentration-time curve from 0 to the time of the last quantifiable concentration; AUC, area under the plasma concentration-time curve from time 0 to infinity; t 1/2 , terminal half-life; CL, total drug clearance from plasma; V ss , volume of distribution under steady-state conditions; CL R , renal clearance of drug. a The parameter derived from urine concentrations of cefiderocol is not presented for the subject population (severe and ESRD) including subjects who did not have sufficient ability to produce urine.
urticaria resolved approximately 30 minutes after its onset. Cefiderocol was generally well tolerated in the study subjects. By cohort, half or fewer subjects experienced at least 1 AE. This included 4 subjects (50.0%) in the moderate impairment cohort, 3 (37.5%) in the ESRD cohort (predialysis, period 1), 2 (25.0%) in the mild and severe impairment cohorts, and 1 (12.5%) each in the healthy and ESRD (postdialysis, period 2) cohorts.
The most frequently reported AE was contact dermatitis (7.9%), reported by 1 subject each in the mild, severe, and ESRD (period 1) cohorts. All of these were assessed as unrelated to the study drug. Other skin and subcutaneous tissue disorders were reported in 2 subjects in the moderate impairment cohort (maculopapular rash and urticaria, Table 4 ). Except for contact dermatitis, only nausea was reported as an AE by more than 1 subject per cohort.
Five subjects (13.2%) experienced 5 drug-related AEs, which included nausea, maculopapular rash, or urticaria for 3 subjects in the moderate impairment cohort, myalgia in a matched healthy subject, and polyuria in an ESRD subject (period 1, without HD).
No clinically significant changes to physical examinations, vital signs, 12-lead ECG, continuous dual-lead ECG, QTcF/QTcB, or clinical laboratory evaluations (including hematology, blood chemistry, and urinalysis) were observed.
Discussion
The catechol moiety of cefiderocol contributes to its potent antimicrobial activity against Gram-negative bacteria including those resistant to other antibiotics by functioning as a siderophore, an iron-complexing protein, to form a chelating complex with ferric iron and utilize the bacterial iron transport system to penetrate the outer membrane of the Gram-negative organisms. 11 This concept of carrying compounds into other cells such as bacteria has been likened to the "Trojan horse." 12 Cefiderocol exposure increased in subjects with moderate and severe renal impairment and ESRD compared to those with normal renal function. Therefore, dose adjustments based on renal function would be needed so that the dose regimens will provide drug exposures comparable to that in subjects with normal renal function.
A dose of 2 g every 8 hours (daily dosage of 6 g), which would be a standard dose regimen, was tolerable in the previous phase 1 study. 6 The significant effect of renal impairment on the PK of cefiderocol was expected because cefiderocol is mainly renally excreted. Therefore, in the renal impairment study, the single dose of 1 g was selected as a tested dose regimen that would have sufficient margin for exposure and prolonged elimination.
The MDRD equation and the Cockcroft-Gault equation were used to categorize the renal function groups. The MDRD equation was reported to provide more accurate estimates of glomerular filtration rate (GFR) for impaired renal function than the Cockcroft-Gault equation. 8 However, the MDRD equation tended to underestimate GFR in the higher GFR range. This trend potentially causes a biased evaluation for an effect of renal impairment on cefiderocol PK when renal impairment groups are compared with the normal function group. In addition, the data with GFR > 90 mL/[min· 1.73 m 2 ] were limited in the development of the MDRD equation. On the other hand, CLcr calculated using the Cockcroft-Gault equation was used to describe the measured CLcr in the normal-renal-function range. 9 For cefiderocol, which exerts bactericidal activity dependent on the duration of exposure, the pharmacokinetic/pharmacodynamic (PK/PD) index that best correlates with the pharmacodynamic effect is the fraction of time for which the free drug concentration in plasma exceeds the minimum inhibitory concentration of the infecting microorganism over the dosing interval (T f >MIC ) as well as other cephalosporins. 13, 14 Based on animal infection models, for cefiderocol the target of 55% to 80% T f >MIC provides ࣙ1-log 10 reduction in bacteria, whereas 40% to 70% T f >MIC inhibited bacterial growth. [15] [16] [17] Cefiderocol was significantly removed by a 3-to 4-hour HD session, as the ratio of cumulative amount of drug recovered unchanged in dialysate relative to dose was 56.1% and the fraction of the total body pool of drug removed by hemodialysis was 62.3%. The significant effect of intermittent HD on cefiderocol PK is reasonable because the f u of cefiderocol was 0.35 to 0.47, the molecular weight is 752.2, and V ss of 13.5 to 16.4 L was similar to the volume of extracellular fluid calculated as 20% of total body weight of the subjects (17.4 L for mean body weight of 87.2 kg). 18 The significant removal of cefiderocol with HD suggests the need for a supplemental dose after the intermittent HD, which is applied to maintain the above pharmacodynamic effect.
The unbound fraction of drug is an important factor to consider the efficacy for antibiotics. 19 The f u , which relates to T f >MIC , at 1 and 8 hours after the start of infusion, was comparable among renal function groups. The serum concentrations of albumin, to which cefiderocol was predominantly bound, were comparable among the renal function groups (mean 3.9 to 4.2 g/L at baseline). The f u was also comparable at pre-HD and post-HD in the subjects requiring HD. These results suggested renal impairment and HD did not affect the protein binding of cefiderocol.
No notable safety findings in subjects with renal impairment were observed except that 1 subject of moderate renal impairment discontinued the study due to urticaria during the study drug administration. Overall, the safety profile observed in this study was consistent with that reported in the cefiderocol clinical trial program in subjects without renal impairment. 6 One subject in the moderate renal impairment cohort who discontinued due to urticaria had an ongoing medical history of lactose intolerance and seasonal allergies. Although the subject's laboratory values for eosinophils were normal, the value for eosinophils/leukocytes was high (11.9% and 11.4%) at screening and on day 1 (reference range 0.0% to 0.6%). The blood samples were obtained from the subject before and after the administration of cefiderocol including approximately 37 minutes after the onset of urticaria, and these were examined for immunoglobulin E and immunoglobulin G antibody isotypes against cefiderocol. No antibodies against cefiderocol were detected in any of the samples. This result supports that the urticaria was not caused by antibodies against cefiderocol or unknown antibodies that might potentially show cross-reactivity to the former antibodies. Although the number of subjects for each group is small, there was no apparent difference in AEs even though the exposure of cefiderocol increased with increasing degree of renal impairment. The AEs observed in 2 or more groups were nausea (1 each in moderate and ESRD without HD) and contact dermatitis (1 each in mild, severe, and ESRD without HD), and these were all mild in severity. Geometric mean C max in the ESRD without HD group was modestly higher than those in the other groups. The differences were less than 25%, and the numbers of subjects who experienced the AEs were comparable to those in other groups. One subject in the ESRD without HD group experienced nausea, headache, paresthesia, polyuria, and flushing, and had an ongoing medical condition of type 2 diabetes mellitus with diabetic retinopathy. The incidence of AEs did not appear to have any correlation with the degree of renal impairment.
Conclusions
Renal impairment impacted AUC, CL, and t 1/2 without affecting C max . Cefiderocol was significantly removed by intermittent hemodialysis. The results of this study suggested the need for dose adjustment based on renal function in patients with moderate and severe renal impairment and ESRD subjects and the need for a supplemental dose in patients receiving intermittent HD.
